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Morphometric comparison of rabbit cortical connecting tubules and
collecting ducts. Connecting tubule (CNT) segments of the rabbit distal
nephron were examined by scanning electron microscopy and comput-
er-assisted morphometric analysis of transmission electron micro-
graphs. CNT were very similar to the cortical collecting ducts (CCD)
described previously. The epithelium of both segments contains two
cell types, both of which can be modeled as simple cuboidal cells, and
two distinct systems of extracellular channels. The lateral intercellular
channels are comparable to the spaces between simple cuboidal cells
but are modified by short projecting microvilli which produce a modest
increase in lateral cell surface area. The basal infolded channels are best
developed in the connecting tubule cells of CNT and contribute 63% of
all channel-associated membranes in CNT. Total membrane areas are
similar in CNT and CCD. The two segments differ only in the degree of
extracellular channel dilation and the distribution of infolded membrane
relative to cell height in the connecting tubule and principal cells. The
relatively minor morphometric differences between CNT and CCD do
not correlate well with the marked difference in transtubular volume
flow induced in the two segments by ADH and an osmotic gradient.
Comparaison morphometrique des tubules connecteurs et des tubes
collecteurs corticaux de lapin. Des segments de tubules connecteurs
(CNT) de néphron distal de lapin ont été examines par microscopie
electronique a balayage, et par analyse morphometrique avec ordina-
teur de micrographies electroniques en transmission. Les CNT étaient
très semblables aux tubes collecteurs corticaux (CCD) décrits antér-
ieurement. L'epithelium des deux segments contient deux types cellu-
laires, qui peuvent être modélisés comme des cellules cuboldes simples
et deux systèmes distincts de canaux extracellulaires. Les canaux
intercellulaires latéraux sont comparables aux espaces entre les cellules
cuboldes simples, mais sont modifies par les projections de courtes
microvillosités qui produisent une augmentation modérée de Ia surface
latérale cellulaire. Les canaux basaux contournés sont les plus déve-
loppés dans les cellules de tubules de connection des CNT et forment
63% de l'ensemble des membranes associées aux canaux des CNT. Les
surfaces membranaires totales sont identiques dans les CNT et les
CCD. Les deux segments different seulement par le degré de dilatation
des canaux extracellulaires et par la distribution des membranes
invaginées par rapport a la hauteur cellulaire dans le tubule de connec-
tion et les cellules principales. Les differences morphométriques rela-
tivement minimes entre CNT et CCD ne sont pas bien corrélées avec les
differences marquees dans le flux volumique transtubulaire induit dans
ces deux segments par l'ADH et un gradient osmotique.
On the basis of histochemical, functional, and morphologic
studies, the rabbit distal nephron may be subdivided into the
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distal convoluted tubule (DCT), the connecting tubule (CNT),
and the cortical collecting duct (CCD) [1—41. The CNT and CCD
both contain two populations of cells, classically referred to as
light and dark, and two distinct types of extracellular channels,
the lateral intercellular channels which separate adjacent cells
and the basal infolded channels which arise as true infoldings or
invaginations of the basal cell membrane. CNT and CCD thus
differ appreciably from the homogeneous DCT which has a
single cell population and only lateral intercellular channels. All
three segments also differ in the response of their adenylate
cyclase activity to various hormonal stimuli and only CCD
responds to the antidiuretic hormone (ADH) with a marked
increase in osmotic water permeability.
We recently reported the three-dimensional shape and dimen-
sions of the cells and extracellular channels in rabbit CCD,
compared those findings with earlier data from rabbit proximal
nephron segments, and speculated on the functional implica-
tions of two cell and channel types [51. In this study we again
use scanning and transmission electron microscopic techniques
to evaluate the cells and channels of rabbit CNT and to make
comparisons between CNT and CCD.
Methods
Kidney tissue samples for scanning and transmission electron
microscopy were obtained from female New Zealand white
rabbits, weighing from I to 2 kg, that had free access to tap
water and standard rabbit chow. The procedures for in vivo
glutaraldehyde fixation and subsequent processing were identi-
cal to those described previously [51.
Cortical connecting tubule segments within 1 mm of the renal
surface were identified in tissue blocks and sections by their
location in the cortical labyrinth, their frequent juxtaposition to
interlobular arteries, and by the cytologic criteria reported by
Kaissling and Kriz [3]. Tubule and cellular dimensions were
obtained by the computer-assisted morphometric analysis of
transmission electron micrographs as described elsewhere [5,
6]. Briefly, micrographs of complete CNT transverse sections
were taken at xl,540, enlarged photographically to x13,860,
and printed in three duplicate sets. Each print in each set then
was fixed individually to the surface of a digitizer tablet
associated with a Wang 2200 computer and an electronic pen
used to mark the coordinates of 15 or more points along the
apical and basal cell surfaces sufficient to define accurately the
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shape of the epithelial specimen and to allow the accurate
calculation of the area of the photographed tubule. Using these
data, the computer then divided the tubule wall into 20 cellular
zones, each zone representing 5% of the cell height from
basement membrane to apical surface. In one set of prints we
then identified and traced with the electronic pen all of the
cellular membranes bordering all extracellular channels (both
lateral and infolded) in or adjacent to the light staining, connect-
ing tubule cells (CTC). In that set we also traced the apical cell
membrane (AS), the basal cell membrane (BS), and the tubule
basement membrane (BM). In the second set of prints all of the
cell membranes bordering all extracellular channels in or adja-
cent to the darker staining, intercalated cells (IC) were identi-
fied and traced. In the third set of prints we identified and
traced separately those cell membranes of CTC or IC which
unquestionably bordered lateral intercellular channels, that is,
those membranes which delineated channels between CTC and
IC or which delineated channels observed to be continuous with
a junctional complex at the luminal surface. It was possible,
therefore, to calculate the length of all membrane lines in the
whole tubule as well as in each cellular zone and then to
calculate by standard morphometric techniques the surface
concentration (Sw) of those membranes in units of t2 surface
area per of tubule volume or cellular zone volume [7, 8]. We
calculated the S for the total of all lateral and infolded
membrane surfaces of CTC and IC and for those membranes of
CTC and IC specifically identified as being lateral. The differ-
ence between the 5v of the total membranes and the sv of the
lateral membranes also was calculated and represents the Sv of
the infolded membranes. In all sections, some of the mem-
branes were cut tangentially and appeared only as vague
images. However, most such membranes extended only over
short distances, obviously connected at both ends with better
defined membranes and could be included in the morphometric
procedure. All apical surface features such as microvilli were
included in the measure of apical membrane length and apical
surface area. The basal cell membrane was defined as that cell
membrane which generally is adjacent to and parallel with the
tubule basement membrane.
In separate digitizing procedures we calculated the total area
of the tubule wall (TA), the area (CTCA) of connecting tubule
cells, the area (ICA) of intercalated cells, and the approximate
outer (OD) and inner (ID) tubule diameters for each photo-
graphed tubule section. We also measured the apical to basal
length of each previously identified lateral intercellular channel
by tracing a smooth line down its center. We then traced the
usually more complicated lateral membrane of each cell border-
ing that intercellular channel and included in those measure-
ments all small lateral features consistent with laterally project-
ing microvilli. The results are estimates for each channel of the
lateral surface magnification due to the microvilli.
Data were calculated for each tubule specimen from a given
rabbit and then combined to provide mean data for that rabbit.
Separate rabbit data then were combined to provide mean data
for all rabbits. Data were evaluated by Student's t test and are
expressed as means SEM.
Results
Transmission electron microscopy. Three to five complete
transverse sections of CNT were obtained from each of five
rabbits. A total of 18 sections were examined. All conformed
closely to those illustrated and described in detail by Kaissling
and Kriz [3]. A typical example is shown in Figure 1. The
connecting tubule cells (CTC, light cells) and the intercalated
cells (IC, dark cells) were distinguished here by their different
staining densities and, more importantly, by the architecture of
their basal infolded channels. We made no distinction between
the "black" and "gray" varieties of IC reported before [3]. The
basal infolded channels appear as simple infoldings of the basal
surface of the IC and as more complicated and far more
extensive infoldings of the basal cell membrane of the CTC. The
walls of these channels are generally smooth and parallel and, in
CTC, extend nearly through the height of the cell (insert, Fig.
1). While a few of these channels are found to end blindly in the
cytoplasm, many pursue an arching or circuitous course, return
to the cell base some distance from their origin, and thus are
consistent with the spaces between interdigitating cell process-
es. This is particularly true in the CTC where, except for their
failure to communicate with the apical surface, their pattern is
reminiscent of the channel pattern seen in proximal and thick
ascending limb segments [9, 10].
The lateral intercellular channels between adjacent CTC and
between CTC and IC are similar and are distinguished easily
from the basal infolded channels. The lateral channels terminate
in apical junction complexes, extend radially from cell apex to
base, often have an irregular outline because of ridges or
microvilli projecting into the space from the lateral cell walls
(insert, Fig. 1), and often demonstrate a mild degree of lateral
cellular interdigitation near the cell base.
Scanning electron microscopy. Figure 2A shows the typical
appearance of a superficial cortical CNT identified in tissue
block by its location within the cortical labyrinth and by the 3:2
ratio of CTC to IC (see below). The CTC have a central cilium
and a few stubby microvilli on their apical surface and thus are
easily distinguished from the IC which have very numerous
apical microvilli. Both cell types have an approximately hexag-
onal luminal presentation. The CTC indicated by the arrow and
the IC indicated by the asterisk are shown at higher magnifica-
tion in Figures 2B and 2C, respectively. The lateral surfaces of
both cell types have numerous, laterally projecting ridges and
short microvilli (arrowheads) and are similar in that respect to
the previously described principal and intercalated cells of the
rabbit CCD [5].
The specimens in Figure 3 were obtained by enzymatic
digestion of cortical tissue. The accurate identification of distal
nephron segments is assured by the isolation of a branching
network (Fig. 3A) [21. The CNT is located characteristically
between the convoluted distal tubule (DCT) and the first
junction of two tubules. The CCD is located distal to the first
junction. The distinction among the distal segments is con-
firmed further by the differences in their basal architecture seen
after the removal of the basement membrane. The basal surface
of the CCD (Fig. 3B) has been described in detail elsewhere [5].
The more central regions of the principal cells (PC) contain
numerous tortuous and interconnecting basal infoldings while
the intercalated cells (IC) have a relatively smooth basal
surface. The basal slits of the lateral intercellular channels
(double arrows) define the generally hexagonal outlines of the
cells and usually can be distinguished easily from the basal slits
of the basal infoldings (arrow). The basal aspect of the CNT
360 Welling et al
Fig. 1. Representative transmission electron micrographs of a rabbit cortical connecting tubule. A Lower-powered view showing characteristic
features of connecting tubule cells (CTC) and intercalated cells (IC). Lateral intercellular channels separate adjacent cells and terminate apically in
junctional complexes (*). Basal infolded channels have a complicated pattern and are more extensive in the CTC. The membrane at the left margin
is the Bowman capsule of an adjacent glomerulus. (x3,600) B Higher-powered view showing details of basal infolded channels (single arrow) and of
a lateral intercellular channel (double arrows) with projecting lateral microvilli (arrowhead). (x9,360)
(Fig. 3C) is somewhat more complicated than that of the CCD
and consistently has an overall bumpier and less regular sur-
face. Again, however, two cell types are identified. From
specimens in which both the luminal and basal surfaces could
be viewed simultaneously or by rotation of the specimen, the
CTC are identified as those cells with the complicated pattern of
basal infoldings. The IC are those with the relatively smooth
basal surfaces. The basal appearances of both the CCD and the
CNT are distinct from that of the DCT (Fig. 3D) which shows
only one basal pattern characterized by very numerous basal
microvilli and plates (arrow).
Relative number and volume of connecting tubule and inter-
calated cells. In sections from the five rabbits, OD =32.9 1.5
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Fig. 2. Representative scanning electron micrographs showing features of both apical and lateral cell surfaces. A Two cell types distinguished by
their apical surfaces. Intercalated cells (IC) have numerous apical microvilli while connecting tubule cells (CTC) present a cilium and only a few
stubby microvilli. This CNT is identified by its location in the cortical labryrinth and the 3:2 ratio of CNT to IC. (x4, 100) B Higher magnification of
CTC (arrow) in Figure 2A. The apical surface has stubby microvilli (MV) while the lateral surface is covered diffusely by small ridges and short, lat-
eral projecting microvilli (arrowhead). (x15,000) C Higher magnification of IC (asterisk) in Figure 2A. There are numerous apical microvilli (MV).
The lateral surface is similar to that of a CTC. The basal surface (arrow) is still covered by a basal lamina. (x 10,000)
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Fig. 3. Scanning electron micrographs of an isolated and enzymatically treated distal nephron from the outer cortex of an adult rabbit. A The
localization of the distal convoluted tubule (DCT), connecting tubule (CTC), and cortical collecting duct (CCD) assured by obtaining a branching
tubule network. (xl 10) B Basal surface of a CCD after the enzymatic removal of the basement membrane. Principal cells (PC) possess numerous
basal infoldings while the intercalated cells (IC) have a relatively smooth basal surface. The basal slits of the lateral intercellular channels (double
arrows) can be distinguished from the basal slits of the basal infolded channels (arrow). (x6,000) C Basal surface of a CNT after removal of the
basement membrane. Again, two cell types can be identified; intercalated cells (IC) and connecting tubule cells (CTC). There also are two distinct
patterns of basal slits representing those of the lateral intercellular channels and the basal infolded channels. (x5,500) D Basal surface of a DCTaf
icr removal of the basement membrane. Only one basal pattern is seen and characterized by numerous basal microvilli and plates (arrows).
(x5,200)
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Table 1. Surface concentration of apical surface (AS), basal surface (BS), and basement membrane (BM) for connecting tubule and
intercalated celisa
Connecting tubule cells Intercalated cells
AS BS BM AS BS BM
2/3
Mean 0.097 0.144 0.163 0.077 0.081 0.088
SEM
a In this and subsequent tables reference volume is the sum of all CTC, IC, and intercellular space in the tubule wall or cellular zone.
Table 2. Surface concentrations of cell membranes in connecting tubule and intercalated cellsab
Connecting tubule cells Intercalated cells
Total Lateral Infolded Total Lateral Infolded
Zone p.2/153
0.571 0.086 0.447 0.061 0.124 0.043c 0.209 0.019 0.208 0.014 0.001 0.013c
2 1.243 0.181 0.659 0.096 0.584 0.043 0.405 0.040 0.365 0,034 0.040 0.027"
3 1.236 0.219 0.530 0.091 0.706 0.135 0.400 0.045 0.355 0.035 0.044 0.021"
4 1.127 0.221 0.421 0.077 0.705 0.149 0.299 0.032 0.294 0.034 0.004 0.015"
5 1.087 0.182 0.368 0.065 0.718 0.120 0.290 0.036 0.277 0.037 0.013 0.008"
6 1.084 0.131 0.350 0.069 0.733 0.089 0.241 0.017 0.242 0.013 —0.001 0.010"
7 1.099 0.159 0.350 0.065 0.748 0.106 0.244 0.026 0.223 0.018 0.021 0.020"
8 1.231 0.155 0.369 0.084 0.861 0.080 0.237 0.014 0.235 0.025 0.001 0.014"
9 1.234 0.174 0.318 0.041 0.916 0.140 0.242 0.016 0.240 0.016 0.002 0.017"
10 1.352 0.172 0.297 0.029 1.054 0.157 0.228 0.015 0.212 0.013 0.015 0.008"
11 1.345 0.176 0.297 0.025 1.074 0.157 0.204 0.020 0.214 0.021 —0.010 0.009"
12 1.466 0.149 0.270 0.018 1.195 0.134 0.242 0.026 0.232 0.031 0.010 0.015"
13 1.544 0.143 0.268 0.022 1.275 0.154 0.230 0.029 0.321 0.035 —0.001 0.020"
14 1.619 0.150 0.292 0.027 1.327 0.150 0.249 0.019 0.246 0.018 0.003 0.025c
15 1.730 0.163 0.325 0.032 1.404 0.165 0.286 0.019 0.242 0.016 0.043 0.027"
16 1.812 0.086 0.318 0.023 1.493 0.085 0.350 0.034 0.279 0.015 0.070 0.023c
17 1.949 0.109 0.347 0.029 1.602 0.129 0.430 0.064 0.291 0.028 0.138 0.055"
18 2.276 0.173 0.356 0.034 1.919 0.179 0.577 0.054 0.350 0.053 0.227 0.065
19 2.766 0.102 0.398 0.030 2.367 0.118 0.852 0.071 0.395 0.045 0.456 0.083
20 2.713 0.100 0.398 0.048 2.315 0.100 0.977 0.114 0.377 0.057 0.599 0.103
T 1.602 0.121 0.360 0.037 1.242 0.091 0.378 0.022 0.278 0.021 0.099 0.020
a Data are expressed as mean
Total = Lateral + Infolded.
SEM, N = 5.
Data so labeled are not statistically different from zero, P > 0.05.
there were 4.6 0.3 nuclei and 8.3 0.3 identifiable cells of
which 60 1% were CTC. The ratios of connecting tubule cell
area (CTCA), intercalated cell area (ICA), and total tubule wall
area (TA = 561 66 2) were CTCA/TA = 0.65 0.02, ICA/
TA = 0.32 0.02, and ICA/CTCA = 0.59 0.07. The
variations among all tubules were similar to those among all
animals. The variations among tubules in each rabbit also were
similar. Hereafter, the volume of CTC and IC in a tubule is
taken to be equal to the ratio of their photographed areas,
CTCA/ICA. Using the area ratios, CTCA/(CTCA + ICA) and
the estimate of 450 cells/mm reported to Garg, Knepper, and
Burg 4], approximately 304 10 of the cells per millimeter of
CNT would be CTC and approximately 146 10 would be IC.
Relative volume of cells and extracellular channels. Calculat-
ing from the ratios (CTCA + ICA)/TA, the mean fraction of
tubule wall occupied by extracellular channels was 3.1 0.5%
in the 18 sections (range, 0.6% to 10.4%) and 3.0 0.5% in the
five rabbits (range, 1.4 % to 4.4%). While the moderate ranges
may indicate the presence of the artifactual effects of fixation on
channel dilation, the finding of similar ranges within a single
rabbit (as great as 2.0% to 10.4%) makes that possibility less
likely.
Relative areas of apical surface, basal surface, and base-
ment membrane in connecting tubule and intercalated cells.
Variations among the tubules from a single animal were similar
to those found among the five animals. In Table 1 are listed the
mean SEM (N = 5) surface concentrations Sv, for the apical
surface (AS) and basal surface (BS) of CTC and IC and for the
tubule basement membrane underlying each of the two cell
types. In all cases the reference volume is the volume of the
entire tubule wall including all CTC, IC, and extracellular
channel. For both the CTC and IC the mean differences
between BS and BM are not statistically significant. For IC, the
mean differences among AS, BS, and BM also are not statisti-
cally different from zero. However, in CTC the differences
between AS and BS or BM are highly significant with the AS
being 67 4% of BS and 69 4% of BM. The ratio of apical
surface area to cell volume is 0.15 0.02 u2/L3 in CTC and 0.25
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0.01 t2/L3 in IC. Comparable ratios for BS and BM,
respectively, are 0.22 0.02 and 0.25 0.02 in CTC, and 0.26
0.03 and 0.28 0.03 in IC. Considering the ICA/CTCA
ratios, CTC account for 55 3% of total apical surface area, 65
2% of total basal surface area, and cover 65 2% of the total
basement membrane area.
Surface concentrations of lateral and infolded cell mem-
branes in connecting tubule and intercalated cells. Variations
among the tubules from a single animal again were similar to
those found among the five animals. Listed in Table 2 for both
the connecting tubule cells and the intercalated cells are the
calculated surface concentrations, Sv, of the total membrane
surface facing all extracellular channels (lateral + infolded), of
the lateral membrane surfaces alone, and of the infolded
membrane surfaces alone. Reference volumes for all S, are the
volume of the entire tubule wall (total wall = zone T) or the
volume of a cellular zone where zones 1 through 20 each
represent successive 5% increments of cell height from apex to
base, zone 1 is nearest the apex, and zone 20 is nearest the base.
The total membrane (lateral + infolded) S, values for CTC
increase more or less progressively through the 20 zones and
show a more rapid increase in zones 17 through 20. In contrast,
the Sv for IC are relatively constant and show minor increases
only in zones 18 through 20. The ratio of lateral + infolded
membrane surface area to cell volume is 2.5 0.2 p?/.t3 in CTC
and 1.2 0.1 ,i2/i3 in IC such that, considering the ICA/CTCA
ratios, 80.7 1.3% of the total (lateral + infolded) cell
membrane in a given length of tubule is contributed by CTC.
The Sv of the lateral cell membrane in CTC are always
smaller than the corresponding zone and total values for lateral
+ infolded membrane, particularly in the more basal zones. In
contrast, the lateral membrane values in IC are not statistically
different from the total membrane values in zones 1 through 16
and thereafter differ by only moderate amounts. The ratio of
lateral cell membrane surface area to cell volume is 0.55 0.05
in CTC and 0.91 0.13 s2/3 in IC (P > 0.05) and the
CTC thus contribute 56.2 2.1% of the lateral cell membrane.
The Sv of the infolded cell membrane of CTC is not different
from zero in zone 1 but thereafter increases progressively in
zones 2 through 20. Approximately 78 1% of the total (lateral
+ infolded) cell membrane area in CTC is of the infolded type.
In contrast, for IC the Sv values are always small and are
statistically different from zero only in zones 18 through 20.
Infolded membrane accounts for only 26 5% of total IC
membrane. The ratio of infolded cell membrane surface area to
cell volume is 2.0 0.1 in CTC and 0.31 0.05 s2I.t3 in
IC and 92.5 1.9% of all infolded membrane is contributed by
the CTC.
Lateral surface magnification due to microvilli. The apical to
basal lengths of 23 to 38 lateral intercellular channels were
measured in tubules from each of the five rabbits and compared
to the lateral membrane lengths of 30 to 43 adjacent CTC and 17
to 33 adjacent IC. In the five rabbits the ratios of CTC lateral
membrane length and IC lateral membrane length to channel
length were 1.37 0.06 and 1.66 0.09, respectively (P >
0.05). In tubules from a given rabbit the ratios for CTC and IC
were statistically different in four of the five rabbits and the
ratios for 160 CTC measurements from all rabbits (1.36 0.02)
were statistically different from those for 106 IC measurements
(1.66 0.04; P > 0.001).
Discussion
The connecting tubule (CNT) segment of the rabbit distal
nephron has only recently been described as a unit distinct from
the longer recognized and more extensively studied cortical
collecting duct (CCD) [2, 3]. The histology of the two segments
is said to differ only in subtle ways even though the functional
differences, particularly in response to ADH and osmotic
gradient, can be quite dramatic. We recently reported details of
cellular morphology in the CCD of rabbit [51 and here provide
similar information for rabbit CNT in an attempt to define
precisely cellular dimension and shape differences between the
two segments which might correlate with the functional differ-
ences. We have studied CNT only from the outer cortex.
However, the superficial and deep cortical CNT are reported to
be functionally quite similar [2].
Cellular surface areas in connecting tubules. To compare
CNT and CCD in a precise manner, it is necessary first to assign
typical outer and inner diameters to the two segments, to
calculate the absolute total cellular and cellular zone volumes,
and then to calculate the absolute volumes and membrane
surface areas of the different cell types in the two segments.
From previous reports it is apparent that the dimensions of
rabbit cortical CNT and CCD overlap to some degree and that
the diameters of both segments vary considerably [2, 3]. From
our own experience with CCD in tissue samples fixed under
conditions identical to those in this study [5], the outer and
inner diameters of that segment are approximately 30.0 1.5 s
and 17.1 1.5 (N = 5 rabbits) and are not statistically
different from the diameters reported here for CNT (P > 0.1). It
is legitimate, therefore, to model the two segments using the
same dimensions. However, the choice of those dimensions can
be somewhat arbitrary, provided that the cellular volume
remains within the measured range. In our earlier study of CCD
we chose OD = 35 and ID = 25 j. to correspond more closely
to the tubule diameters observed previously by us during in
vitro perfusion experiments and thus to aid in the interpretation
of similar physiologic studies. To aid in the comparison of CNT
to CCD we now choose the same OD = 35 and ID = 25 s for
purposes of modeling the CNT. It should be noted, however,
that use of the measured tubule diameters would not greatly
affect the interpretation of the data.
For CNT of the assigned dimensions, the surface areas of the
apical, basal, and basement membranes are 82 4 X i0, 106
9 x l0, and 118 9 x l0 p/mm tubule length, respectively.
Of the total epithelial volume of 471 x i03 p3/mm defined by the
assigned diameters, extracellular channels would occupy 14 2
x iO , CTC would occupy 308 8 X i03, and IC would
occupy 149 10 x l0 . Using the value of 450 cells/mm CNT
as reported by Garg, Knepper, and Burg [4], the volume of an
individual CTC is 1016 6 and the volume of an individual
IC is 1017 38 . The lateral plus infolded membrane area is
1097± 1l6x 10 2mmor249l 171 p?ancl 1238± ll02 per
individual CTC and IC, respectively. The lateral membrane
alone is 356 46 x lO z?/mm or 558 51 s2 and 926 127 2
(P> 0.05) per individual CTC and IC. The infolded membrane
alone is 773 96 x i03 t2/mm or 1991 122 2 per individual
CTC and 320 56 p? per individual IC. The zonal distributions
of lateral, infolded, and total (lateral + infolded) membranes of
CTC and IC are listed in Table 3. The logarithm of the total
(lateral + infolded) membrane area data for CTC are now found
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Table 3. Membrane surface areas of connecting tubule and intercalated cells per mm tubule length
Data are expressed as mean SEM (N = 5) and calculated on the basis of tubule OD 35 ., ID = 25 i.
h Total = Lateral + Infolded.
Data so labeled are not statistically different from zero, P > 0.05.
by Newton-Gauss procedure to fit a function consisting of a
constant term plus an exponential term. Similar analysis of the
CTC data for infolded membrane alone reveals a good fit to a
pure exponential function which accounts for the difference
between the constant plus exponential form of the CTC total
membrane data and the constant form of the CTC data for
lateral membrane alone.
Cell and channel shapes in connecting tubules. At the
luminal surface of a tubule lined by maximally packed equilater-
al hexagons, the circumference c of each hexagon is given by
the equation c2 = 24 A/N V3 where A = ir (tubule diameter)
(unit tubule length) and N is the number of cells per unit tubule
length. If the CNT is such a tubule, contains 450 cells/mm, and
is assigned the dimensions OD = 35 z and ID = 25 , one can
calculate an average of six hexagonal cells per tubule circumfer-
ence. Such a value is consistent with the SEM appearance of the
tubule. Its difference from the average of 8.4 identifiable cells
per thin transverse section also is consistent with a moderate
degree of lateral cellular interdigitation. Further consistent with
lateral cellular interdigitation is the calculation that, if each cell
were in fact a truncated, equilateral hexagonal pyramid with a
calculated luminal circumference of 49.2 .t, the smooth lateral
surface area of each such cell would be approximately 300 2 or
only about 38% of the 790 p2/cell calculated from the morpho-
metric data of Table 3. To account for this difference in lateral
areas, we estimate from the ratios for microvillar lateral surface
magnification an area contribution of approximately 150 z2 per
cell due to laterally projecting microvilli and, by subtraction, an
additional 350 a2 per cell brought about by lateral cellular
interdigitation with an average 2.2-fold complication of the
cellular periphery. The situation in zone 1 and in the region of
the apical junctional complex must be considered separately.
The area of all CTC and IC lateral membranes in zone 1 is
calculated to be 12.9 l0 p2/mm. However, because those
zone 1 data include all lateral cellular features in the most apical
0.25 .t of cell height, and thus include both the relatively simple
region of the junctional complex and the more complicated
lateral cellular features in the immediate subjunctional region,
the morphometric estimate of 12.9 x l0/0.25 = 52 x l0 .t/mm
for total cell peripheries in zone I must considerably overesti-
mate the actual total peripheries at the level of the junctional
complex. Considering the rather simple and nearly hexagonal
outline of cells at the luminal surface and in the region of the
junctional complex, the total circumference value of 27 x l0 /
mm calculated geometrically (49.2 jz X 450 cells/mm) is proba-
bly a more reasonable estimate. In that case, and because the
junction complex is formed by the fusion of two adjacent lateral
cell membranes, the length of the junctional complex in the
plane parallel to the lumen would be represented more accu-
rately by the geometrically calculated value of 22 x l0/2 = 11
x l0 n/mm than by the morphometrically calculated value of
52 x 10/2 — 26 x lO .timm.
Shown in Figure 4 are idealized drawings of a single connect-
ing tubule cell incorporating the above surface area and geomet-
ric considerations. To be consistent with the SEM views in
Figure 2, the lateral cellular interdigitation in the subjunctional
and deeper zones is modeled as numerous small lateral undula-
tions and processes coupled with only a few larger lateral cell
processes. The cells are shown as if a portion has been
fractured away to reveal a stippled fracture plane through the
cytoplasm and cell nucleus. At some points that fracture plane





x 102Zone tL2X l0
Infolded
1 11.3 3.8 8.9 2.7 2.5 0.9c 4.2 0.4 4.1 0.3 0.1 0.3"
2 25.2 3.7 13.3 2.0 11.8 2.1 8.2 0.8 7.4 0.7 0.8 0.6"
3 25.5 4.5 10.9 1.9 14.6 2.8 8.2 0.9 7.3 0.7 0.9 0.4"
4 23.9 4.6 8.9 1.6 14.8 3.1 6.3 0.7 6.2 + 0.7 0.1 0.3"
5 23.3 3.9 7.8 1.4 15.4 2.6 6.2 0.8 5.9 0.8 0.3 0.3"
6 23.6 2.9 7.6 1.5 16.0 2.0 5.3 0.4 5.3 0.3 0.1 -- 0.2"
7 24.4 3.5 7.8 1.5 16.6 2.4 5.4 0.6 49 0.4 0.5 0.4"
8 27.8 3.5 8.3 1.9 19.5 1.8 5.4 0.7 5.3 0.6 0.1 0.3"
9 28.4 4.0 7.3 0.9 21.1 ÷ 3.2 5.6 0.4 5.5 + 0.4 0.1 0.4"
10 31.6 4.0 7.0 0.7 24.7 3.7 5.3 0.4 5.0 0.3 0.4 0.2"
II 32.2 4.2 6.6 0.6 25.5 3.7 4.9 0.5 5.1 0.5 —0.2 -1- 0.2"
12 35.4 3.6 6.5 0.4 28.9 3.3 5.9 0.6 5.6 0.8 0.3 0.4"
13 37.9 3.5 6.6 0.6 31.3 3.8 5.7 0.7 5.7 0.9 0.1 0.5"
14 40.0 3.8 7.3 0.7 33.1 3.7 6.2 0.5 6.1 0.5 0.1 0.6"
15 43.9 4.1 8.3 0.8 35.6 4.2 7.2 + 0.5 6.2 0.4 1.1 -- 0.7"
16 46.6 2.2 8.2 0.6 38.4 2.2 9.0 0.9 7.2 0.4 1.8 0.6"
17 50.9 2.9 9.1 0.8 41.9 + 3.4 11.2 1.7 7.6 0.7 3.6 -- 1.5"
18 60.3 4.6 9.4 0.9 50.9 4.8 15.3 1.4 9.3 1.4 6.0 1.7
19 74.4 2.8 10.7 + 0.8 63.7 3.2 22.9 + 1.9 10.6 1.2 12.3 2.2
20 74.0 2.7 10.9 1.3 63.2 2.7 26.7 3.1 10.3 1.6 16.4 2.8
T 755.4 57.3 169.8 17.6 585.6 42.9 178.4 10.7 131.4 10.0 46.9 9.5
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Fig. 4. Idealized drawings depicting the shape and basal infolded
channels in a single connecting tubule cell as seen from above (A) and
below (B) the longitudinal axis of the tubule. A portion of the cell has
been removed to reveal a stippled "fracture" plane through the
cytoplasm and nucleus. That fracture plane frequently enters the basal
infolded channel system with its smooth (nonstippled) walls and inter-
digitating cellular processes.
reveal the smooth, nonstippled surfaces of the infolded cell
membranes. To account for their exponentially increasing sur-
face areas we have depicted a number of laterally projecting
cellular processes which, in the intact cells, would have inter-
digitated with corresponding processes from the opposite wall
of the same infolded channel. Such processes are consistent
with the transmission microscopic evidence for local cellular
interdigitation and, except for their failure to communicate with
the luminal surface, are similar in design to the laterally
interdigitating cellular processes of rabbit proximal renal tubule
and cortical thick ascending limb of Henle where they too
produce an exponentially increasing channel surface area [9,
101.
Models of single CNT intercalated cells would differ from the
CTC models only in the presence of luminal brush border and in
a relatively very poor development of the infolded channel
system.
Morphologic similarities between connecting tubules and
cortical collecting ducts. If the morphometric data previously
reported for CCD [51 now are normalized using the same tubule
dimensions as used for the CNT calculations (OD = 35 p., ID =
25 p.) and the same estimated number of cells per unit tubule
length, the single cell volumes of connecting tubule cells and
principal cells and of CNT IC and CCD IC are found not to be
statistically different. Because the mean apical, basal, and
basement membrane Sv of the respective cell types in the two
segments also are not different and because the lateral mem-
brane Sv and areas in both cell types in both segments are
constant through the 20 zones of cell height examined here, the
cell and lateral intercellular channel shapes in CNT and CCD
can be modeled in a nearly identical fashion. That is, if the
present CNT data were calculated using 825 cells/mm as used
previously for CCD [5], the CCD cell and channel models
illustrated in Figures 3 and 4 of our earlier work [5] would apply
equally well to CNT. Alternately, if one uses the reported
counts of 450 cells/mm in CNT and 500 cells/mm in CCD [4], the
calculated single cell volumes for CCD principal cells (892 40
p.3) and CCD intercalated cells (713 98 p.3) are not greatly
different from those calculated here for CTC and CNT IC, and
the cell and lateral channel modeling processes again would
yield nearly identical results for the two segments.
The infolded membranes of the CNT and CCD cells also are
found to be similar. Of particular interest is the similarity in
CTC and principal cell infolded membrane surface area in units
of p?/mm tubule length (P> 0.1) and, when calculated using 450
cells/mm CNT and 500 cells/mm CCD, in units of p.2/cell (CTC
= 1991 122 p.2/cell, principal cell = 1468 219 p.2/cell, P >
0.05). Furthermore, after their beginning in zone 2 of 20 in CTC
and in zone 13 of 20 in principal cells, the infolded channels of
both cell types increase exponentially toward the cell base and
terminate in basal slits of lengths approximately 420 p./CTC cell
and 450 p./principal cell.
Morphologic differences between connecting tubules and
cortical collecting ducts. In comparing the present results for
CNT with those previously reported for CCD [5], three major
differences are apparent. First, the "light" to "dark" cell ratio
in CNT is six CTC per four IC (reported previously to be 5:4 [3])
and in CCD is two principal cells per one intercalated cell.
Second, as reported before, both the lateral and the infolded
extracellular channels in CCD often are found to be dilated,
particularly near the cell base, and occupy some 11% of the
total tubule volume [3, 5]. In contrast, as observed here and
elsewhere [31, the extracellular channels of CNT are dilated
rarely and occupy only 3% of total tubule volume. Third, also as
reported previously [31, the infolded channel system of CTC
extends nearly throughout the entire cell height (zones 2
through 20 in Tables 2 and 3) whereas that system in the
principal cells of CCD is limited to the basal 40% of cell height.
To appreciate the differences in infolded membrane and channel
patterns between CTC and the principal cells of CCD, Figure 4
should be compared with Figure 5A in our previous work [51.
Structure-function correlation. A prominent functional differ-
ence between CNT and CCD is the failure of CNT to respond to
ADH with a marked increase in osmotic permeability and, in
the presence of a transtubular osmotic difference, a consequent
marked increase in transcellular, transtubular water flux [2]. In
seeking a morphologic correlate to that functional difference we
may exclude the intercalated cells because they are common to
both segments [3] and also because they contribute to both
segments only a minor fraction of the membrane surface which
would be in the presumed transcellular pathway for fluid
movement. If we focus on the connecting tubule cells of the
CNT and the principal cells of the CCD, however, we find that
their contributions of lateral, basal, and infolded membranes
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are similar in the two segments and that they differ only in the
distribution of their basal infolded channels relative to cell
height, a feature with no obvious functional implication.
In our previous work on CCD we concluded that the infolded
cell membranes and the system of basal-infolded channels in
principal cells may be the most important morphologic correlate
to the ADH-related volume absorption in CCD. The dilation of
the extracellular channels of rabbit CCD under steady-state and
experimental conditions [3, 5, 11, 121 indicates volume flow by
that pathway and supports that viewpoint. The present observa-
tions on CNT now provide an interesting contrast in that the
infolded channel system of connecting tubule cells is at least as
extensive as that in principal cells and yet the channels remain
relatively nondilated and the ADH-induced transtubular water
flow minimal. It is evident, therefore, that neither the design of
the extracellular channels (lateral, infolded, or both) in distal
tubule epithelium nor their surface areas or distribution neces-
sarily correlate with the ability of distal tubule epithelium to
support transtubular volume flow.
Aside from the preceding negative statement about structure-
function correlation in CNT, the exponential increase in infold-
ed membrane area throughout most of the height of the connect-
ing tubule cells does remain as a curious property of those cells.
As discussed in our earlier work on CCD (where the "exponen-
tial" infolded channels are limited to the basal 40% of the cell
height), such channels do not actually communicate with the
luminal surface but otherwise are structurally quite similar to
those which constitute the only channel type in the proximal
and cortical thick ascending limb segments of the rabbit neph-
ron and which there are thought both to participate in the
process of active, transcellular electrolyte and fluid absorption
[9, 10] and to correlate in size and shape with the magnitude of
the transtubular flow [13, 141. It might be suggested, therefore,
that channels of this type in the distal nephron relate in some
way to active, transcellular transport phenomena not associated
with a paracellular, trans tight-junction component. Although
active fluid absorption in CNT and CCD may be small or
negligible [2, 15], channels of the type being considered here
also may be suitable for secretory events [16]. Numerous
reports have documented the apparently active secretion of
electrolytes (principally potassium) in collecting ducts and
those few reports in which the rabbit connecting tubule is
considered as a specific segment are consistent with a similar
conclusion. It is possible, therefore, that the extent and design
of extracellular channels in an epithelium, and particularly the
"exponential" channels, do correlate with the transcellular
traffic of ions plus water or with the traffic of ions alone, either
in a net absorptive or a net secretory direction. However,
further and less speculative statements in that regard must
await the acquisition of additional information beyond the
scope of simple morphologic data.
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